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INTRODUCTION 

Titanium-aluminum  alloys w i l l  b e   u sed   i n   supe r son ic  a i rcraf t  
t h a t   o p e r a t e  a t  temperatures up t o  3OO0C (572'F) while  contami- 
na ted   wi th  sea salt .  Laboratory tests have shown tha t   t i t an ium-  
aluminum a l l o y s  are s u s c e p t i b l e   t o   h o t - s a l t  stress co r ros ion  
cracking  under  the  probable  operating  conditions of supersonic  
aircraft .  Although no cases o f   c r ack ing   t ha t   can   be   spec i f i ca l ly  
a t t r i b u t e d   t o   h o t  sa l t '  have  been  discovered i n  ope ra t ing  aircraft 
engines,   advanced  engine  designs  using  these  alloys will r e q u i r e  
higher  temperatures  and stress leve ls ,and   ho t -sa l t   c racking  may 
yet   be   encountered.  The Savannah  River  Laboratory  has  carried  out 
a research  program t o  develop  fundamental  knowledge  about  the 
mechanism o f   h o t - s a l t  stress corrosion  of   these  a l loys  under   the 
sponsorship  of  the  National  Aeronautics and  Space  Administration. 

This work h a s   r e s u l t e d   i n  a proposed mechanism f o r   t h e   h o t -  
sa l t  stress corrosion  cracking  of   t i tanium  al loys2  which  involves  
the  pyrohydrolyt ic   formation  of   the  hydrogen  hal ides   corresponding 
to   t he   an ion  of t h e  sa l t  ( i . e . ,  HC1 from C1-  s a l t s )  and a t t a c k  of 
t h e  metal by t h e  hydrogen  halides a f te r  p e n e t r a t i o n   o f   t h e   s u r f a c e  
oxide f i l m .  Hydrogen i s  generated by t h e   a t t a c k  and is  p a r t i a l l y  
adsorbed by t h e  metal s u r f a c e .  The hydrog,en e m b r i t t l e s   t h e   s u r f a c e ,  
and the  crack  can  then be i n i t i a t e d  by r e s i d u a l  or a p p l i e d   s t r e s s .  

Th i s   r epor t   p re sen t s   add i t iona l   expe r imen ta l   ve r i f i ca t ion  
t h a t  hydrogen i s  the   embr i t t l ing   and  crack propagat ing   agent   in  
t h e   h o t - s a l t   c r a c k i n g  of t i t an ium  a l loys .  The effects of   hot  s a l t  
in   c r ack ing   t i t an ium  a l loys  are 'then  compared t o   t h e  effects of 
hydrogen on t h e s e   a l l o y s .  



SUMMARY 

The  amount of  hydrogen  produced  from  the  corrosion  reaction 
of  each  of  the  sodium  halide salts  and  titanium-aluminum  alloys 
was p r o p o r t i o n a l   t o   t h e  amount of   water   present .  The hydrogen 
was formed  from the  react ion  of   an  intermediate   (hydrogen  hal ide)  
i n   t he   ho t - sa l t   c r ack ing   p rocess ,   r a the r   t han  from a metal-water 
r e a c t i o n .  

High-pressure  hydrogen  gas was shown t o  c a u s e   b r i t t l e   f r a c -  
t u r e   i n   b o t h  Ti-8A1-1Mo-1V and  Ti-5A1-2.5Sn tens i le   spec imens ;  
he l ium  d id   no t  cause b r i t t l e   f a i l u r e s .   F a i l u r e s  were b r i t t l e  
when specimens  were  notched  and  fatigue-cracked;  without  the 
f a t i g u e   c r a c k ,   f a i l u r e  was d u c t i l e .  

Cracks more than 30 pm in   dep th  were  caused  by  hydrogen  ions 
t h a t  were acce le ra t ed  s o  t h a t   t h e y   p e n e t r a t e d   s l i g h t l y  more than 
1 pm into  s t ressed  t i tanium-aluminum. The cracks  were  inter-  
g ranu la r  and similar i n  appearance t o   h o t - s a l t   c r a c k s .  

These  f indings  support   the  proposed mechanism f o r   h o t - s a l t  
stress co r ros ion   c r ack ing   o f   t i t an ium  a l loys ;   i n   each   ca se  
hydrogen acts as the   embr i t t l ing   and  crack propagating  agent.  
I t  i s  proposed  that   cracking  has   not   been  observed  in   service 
because  the  gaseous  corrosion  products,   including H z ,  e i t h e r  do 
not  reach a high enough concent ra t ion   o r  are l o s t  from the   r eac -  
t i o n  s i t e  before   they   can   pene t ra te   the   ox ide   bar r ie r   under   the  
in f luence   o f   ve ry   h igh   ve loc i ty  a i r .  This mechanism i s  a l s o  
compa t ib l e   w i th   t he   g rea t e r   suscep t ib i l i t y   o f   a lpha   o r   a lpha -be ta  
a l l o y s  t o  ho t - sa l t   c r ack ing  compared t o   b e t a   a l l o y s   b e c a u s e  
hydrogen i s  more s o l u b l e   i n   b e t a   a l l o y s .  
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DISCUSSION 

DETERMINATION OF HYDROGEN  AS A CORROSION  PRODUCT 

Hydrogen  and HC1 were i d e n t i f i e d  by mass spectrometry a s '  
c o r r o s i o n   p r o d u c t s   i n   t h e   h o t - s a l t  stress corrosion  cracking  of  
titanium-aluminum  alloys, as previously  reported.  ' Chlorine 
was not  observed  during  reactions  between 260 and 65OoC by e i t h e r  
mass spectrometry o r  u l t r av io l e t   spec t roscopy .  

Experimental 

Volati le  corrosion  products  evolved  from  chips  of  t i tanium- 
aluminum a l loys   coa ted   wi th   ha l ide  s a l t  a t  260 and 400°C were 
analyzed  with a mass spectrometer.* The samples were analyzed as 
fo l lows .   Sa l t   so lu t ions  were evaporated  to   dryness  on the   ch ips  
of both Ti-8A1-1Mo-1V and  Ti-5A1-2.5Sn a t  room temperature;  some 
of  t he   s a l t - coa ted   ch ips  were then   hea ted   to  350°C for   one-ha l f  
hour t o  remove moisture  from  the sa l t .  These  chips were placed 
i n  a react ion  vessel   (Figure  l ) ,   and  predetermined  amounts   of  
water were p i p e t t e d   o n t o   t h e   p r e d r i e d   s a l t e d   c h i p s  (no water 
was added to   the   unhea ted   ch ips) .  The v e s s e l  was p a r t i a l l y  
evacuated s o  t h a t  a t  t e s t  temperature,   without a r e a c t i o n ,   t h e  
p re s su re  would  be  approximately  one  atmosphere. After t h e   r e a c t i o n  
v e s s e l  was a t t a c h e d   t o   t h e  mass spec t rometer ,   the   vesse l  was heated 
i n  a t ube   fu rnace   t o   t he   t e s t   t empera tu re ,  and the   gaseous   reac t ion  
products were sampled  per iodical ly .  About 2% o f   t he   gas   i n   t he  
r e a c t i o n   v e s s e l  was removed each  time a sample was taken. 

Results o f  Mass  Spectrometric  Analysis 

The  amount of  hydrogen  evolved on hea t ing   t he   coa ted   ch ips  
of Ti-8A1-1Mo-1V t h a t  were p rev ious ly   d r i ed  a t  room temperature 
only i s  shown i n   F i g u r e  2 ( l i t t l e   d i f f e r e n c e  was observed i n   t h e  
amount of  hydrogen  evolved  from  the two t i t an ium  a l loys ) .  The gas 
was produced  by  chemical  reactions  with  the metal. Hydrogen 
i n i t i a l l y   p r e s e n t   i n   t h e   m e t a l   ( e q u i v a l e n t   t o   a b o u t   0 . 1  mol % of 
the  hydrogen  evolved)  would  not  be  released  under  these  conditions.  
The higher  temperature  probably  drove more water from t h e  sa l t  
c r y s t a l s 4  which  produced  more H C 1  and t h e r e f o r e  more hydrogen. 

* Consolidated  Engineering Corporation, Mode 1 21-103. 

3 

I 



Mass 
Spectrometer 

Cooling - 
Water 

Quartz - 
Crucible 

Borosilicate - 
Glass 

u u 
30 mm 

r” Cooling 
Water 

3- 
100 mm 

i 
FIG. 1 HOT-SALT/TITANIUM-ALLOY  REACTOR  VESSEL 
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Evolut ion  of   hydrogen  f rom  the  sal t -covered  chips   that  had 
been   prev ious ly   d r ied  a t  35OoC was con t ro l l ed  by t h e  amount of 
water added. The hydrogen  evolved-was  measured after hea t ing  for 
1.5 hour s   ( su f f i c i en t   t o   r each   equ i l ib r ium) ,  and t h e   r e l a t i v e  
concent ra t ion  is shown i n   F i g u r e  3 f o r  each  of  the  four  sodium 
h a l i d e  salts and f o r  a mixture  of  chips  and water alone.  These 
r e s u l t s  show t h a t   t h e  amount of.hydrogen  produced w a s  propor t iona l  
t o   t h e  amount  ,of water added  and was i n s e n s i t i v e   t o   t h e   p a r t i c u l a r  
h a l i d e  sal t .  The amount of  hydrogen  halide  that  could  be  produced 
by pyrohydrolysis  and r e a c t   w i t h   t h e  metal t o   r e l e a s e  hydrogen was 
l imi t ed  by the  amount of   water   p resent .  The r e a c t i o n  was not  a 
metal-water   react ion,  as shown by the  blank.   Other   products  
observed i n   t h e   r e a c t i o n  were  hydrogen h a l i d e s .  

Hydrogen Peak 
I 

NaCl 
I O p I  H20 

NaBr 
2 5 p l  Hz0 

NaI 
lop1 Hz0  

A Blank 
2 5 p I  H z 0  

F I G .  3 H Y D R O G E N   P R O D U C T I O N   A T   3 5 0 ° C  

Small  amounts  of  hydrogen  produced i n   t h i s  manner  can  be 
absorbed by the   meta l  and the reby   embr i t t l e   t he   su r f ace ,  5, 
NaF does   no t   cause   c racking   because   o f   the   vo la t i l i ty   o f  T i F 4 ,  
the   major   product   of   the   react ion  between HF and t i t an ium,  as 
previous ly   repor ted .  ’ 

E F F E C T   O F   H Y D R O G E N   O N   T E N S I L E   S P E C I M E N S  

The e f f e c t  of  hydrogen on crack   propagat ion   in  Ti-8Al-lMo-lV 
and  Ti-5A1-2.5Sn w a s  determined by testing  notched  specimens con- 
t a i n i n g   f a t i g u e   s t a r t e r   c r a c k s   ( F i g u r e  4) i n  Hz and He at  both 
atmospheric   pressure and l o 4  p s i .  The s t r a i n  rate i n   t h e   h i g h  
p r e s s u r e   t e n s i l e   t e s t e r  was 0.001 min”. Cel lulose  acetate-carbon 
r e p l i c a s  were made o f   f r a c t u r e   s u r f a c e s .  
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F I G .  4 T Y P I C A L  PRECRACKED TENSILE  SPECIMENS 

The crack  surfaces   produced a t  l o 4  p s i  H 2  were less d u c t i l e  
than   those   p roduced   in   o ther   a tmospheres .  The s u r f a c e s  were 
cha rac t e r i zed  by reg ions   o f   face ted   f rac ture   topography  typ ica l  
of low duc t i l i t y   rup tu re   (F igu re   Sa ) .   Th i s  i s  cont ras ted   wi th  
the   d impled   s t ruc tu re   s een   i n   spec imens   t e s t ed  a t  l o 4  p s i  He 
(Figure S b ) .  The f a i l u r e s  were n o t   b r i t t l e  i f  Specimens were 
not  precracked. 

The crack  surfaces   produced  in   both He and H 2  a t  atmospheric 
p re s su re  were similar and were cha rac t e r i zed  by  dimples  typical  of 
duc t i le   rup ture   (F igure  6 ) .  Thus, low p res su re  H 2  i n   t h e s e  tests 
had  no e f f e c t  o n   t h e   f r a c t u r e  mode. 

The  change i n   f r a c t u r e  mode i n  spec imens   t e s t ed   i n  H Z  a t  high 
p res su re  compared to   a tmosphe r i c   p re s su re   sugges t s   t ha t   h ighe r  
p re s su re  was r e q u i r e d   e i t h e r   t o   p r o d u c e  a h i g h e r   s u r f a c e  concen- 
t r a t i o n  o r  t o   p e n e t r a t e  a su r face   ba r r i e r   be fo re   t he   hydrogen  
could  inf luence  crack  propagat ion.   Fat igue  cracks  produced  in  air 
would  have  oxide films a t  t h e  crack t i p  when t h e  test  was i n i t i a t e d .  
Oxygen and water vapor ,   present   in   tank  hydrogen,   could  have 
r eac t ed   w i th   t he   t i t an ium  p re fe ren t i a l ly   t o   r e fo rm  the   ox ide  film 
when it  w a s  rup tured   dur ing   the  tes t .  

The r e s u l t s  show t h a t  hydrogen at t h e   t i p   o f  a propagating 
crack  can  change  the mode of  r u p t u r e   f r o m   d u c t i l e   t o   b r i t t l e ,  and 
are consis tent   with  the  hydrogen  embri t t lement  mechanism f o r   t h e  
ho t - sa l t   c r ack ing   o f   t i t an ium  a l loys .  

7 



a. HYDROGEN 

Fatigue Crack I Tensile  Crack Tensile Crack 
IO prn 

b. HELIUM 

Fatigue Crack /Tensile Crack I Tensile Crack 
I IOprn  

FIG. 5 CRACK  SURFACES OF Ti-8Al-lMo-lV P R O W E D  
I N  104-psi H P  AND He 
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FIG. 6 CRACK  SURFACES OF T i - 8 A l - l M o - l V  PRODUCED 
I N  H2 OR He  AT  ATMOSPHERIC  PRESSURE 

H+ BOMBARDMENT OF STRESSED  TITANIUM  ALLOYS 

To i l l u s t r a t e   t h e   e f f e c t   o f  hydrogen  ions  a lone  ( the  species  
o f   mob i l e   hydrogen   be l i eved   t o   ex i s t   i n   me ta l s ) , s t r e s sed   t i t an ium 
a l l o y s  were  bombarded  by H+ from an a c c e l e r a t o r .  

A Texas  Nuclear Model 6400 Neutron  Generator was converted 
t o  a p ro ton   acce le ra to r .  The neutron  generator  i s  des igned   to  
ionize  deuter ium  gas  and a c c e l e r a t e  it a t  a t r i t i a t e d   t a r g e t   t o  
produce 14.8-Mev neutrons.  When t h e   g e n e r a t o r  i s  used as a proton 
accelerator ,   hydrogen  instead  of   deuter ium i s  i p r o d u c e d   i n t o   t h e  
gene ra to r ,  and t h e   i o n i z i n g   c o i l s  are a d j u s t e d   f o r  maximum proton 
production. The p r o t o n s ,   p a r t i a l l y   f o c u s e d   i n   t h e   s t r i p p i n g   t u b e ,  
are a c c e l e r a t e d   i n  a p o t e n t i a l   f i e l d   a n d ,  af ter  fu r the r   focus ing ,  
d r i f t  t o w a r d   t h e   s t r e s s e d   n o n t r i t i a t e d   t i t a n i u m   a l l o y   i n  a 
special ly   designed  water-cooled  holder   (Figure 7 ) .  The system is 
normally a t  a p res su re  of Q ~ O ”  t o r r ,   bu t   because   o f   t he   i n t ro -  
duc t ion   of   hydrogen   the   e f fec t ive   p ressure  i s  o n l y   t o r r .  

Because  the beam diameter  can  be  measured  by i t s  trace on t h e  
t a r g e t   ( a   r e s u l t   o f   t h e   d e g r a d a t i o n   o f   o r g a n i c  materials i n   t h e  
vacuum system),   and  the  proton  f lux  can  be  es tabl ished  f rom  the 
beam c u r r e n t ,   t h e  number of   ions  impinging  per   uni t  area can  be 
ca l cu la t ed .   S t r a in   gages  were used t o  measure t h e  stress on  the 
a l loy   sur face   exposed  t o  protons.  

- 
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Body, bolted 
to  generator 

Target 
bolted 

Aperture 
Plate  O-ring 

Inlet and Outlet 

Circular  Stressing  Member  Backing Plate 

FIG. 7 TARGET AND ASSEMBLY FOR H+ BOMBARDMENT 

The range of p r o t o n s   i n   t i t a n i u m  o r  i t s  a l loys   has   no t   been  
measured,   but   penetrat ion  of  a t  least  a few hundred  angstroms was 
d e s i r e d  s o  t h a t   t h e  H+ would   be   in jec ted   wel l   in to   the  metal. The 
range  of  protons i n   t i t a n i u m  w a s  ca l cu la t ed  from t h e i r   r a n g e   i n  
a i r  by t h e  Bragg-Kleeman r u l e .  * Data f o r   t i t a n i u m   a r e  shown i n  
Figure 8. The acce le ra t ing   po ten t i a l   o f  150 kev was se lec ted   f rom 
these  data .   Protons a t  150 kev were c a l c u l a t e d   t o   h a v e   l o s t  a l l  
t he i r   ene rgy  on t rave l ing   th rough 1.1 pm of   t i t an ium.  

2 .o 

E a .. 
W 
tT 
c 

62 1.0 
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BRAGG - KLEEMAN  RULE 

3.2 x I C 4  R n C  

R, = range in material, cm 

R, = range in air,  cm 

Ax = atomic  weight of rnat'l., g 

Px = density of material, g/c& 

0 . 50 100 150 200 250 300 350 
Proton Energy, keV 

FIG. 8 EFFECT OF ENERGY OF PROTONS ON MAXIMUM 
RANGE I N   T I T A N I U M  

Specimens  of  Ti-5A1-2.5Sn  and  Ti-8Al-lMo-lV  were s t r e s s e d   t o  
l o 5  l b / i n ?  and  bombarded with  150-kev  protons. The back  surfaces 
of the  specimens were water   cooled ;   the   ou ter   sur faces  were 
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es t ima ted   t o   be  200°C based on temperature  measurements by thermo- 
couples   located  halfway  through  the  target .  A t  a t o t a l   f l u e n c e  
of  3.2 x 10'' H+/cm2,  cracks were  observed i n  Ti-SA1-2.5Sn a f t e r  
60 minutes .' A t  a f luence   o f  2.0 x 10'' H+/cm2,  cracks were 
observed i n  Ti-8A1-1Mo-1V specimens i n  40 minutes. Bombardment 
a t  20% of   t hese   f l uences   d id   no t   cause   c r ack ing   i n   e i t he r   a l l oy .  
The f luence  was lowered by r e d u c i n g   t h e   f l u x ,   r a t h e r   t h a n  by 
r educ ing   t he   i r r ad ia t ion   t ime .  

Cracking of Ti-5A1-2.5Sn was more d i f f i c u l t  as ind ica t ed  by 
the   longer   i r rad ia t ion   t ime  requi red   under   condi t ions   equiva len t  
t o   t h o s e   f o r  Ti-8A1-1Mo-1V. In   add i t ion ,   t he  maximum depth  of  
cracking was only  10 pm i n  Ti-5A1-2.5Sn  compared t o  30 pm i n  
Ti-8A1-1Mo-1V. 

The lower H/Ti atom r a t i o   r e q u i r e d   f o r   c r a c k i n g  and t h e  
g rea t e r   c r ack   dep th   i n  Ti-8A1-1Mo-1V compared t o  Ti-5A1-2.5Sn 
ag ree   w i th   t he   r e su l t s   i n   ho t - sa l t   c r ack ing .  A t  l o 5  lb / in f   ou te r  
F i b e r   s t r e s s  and 343OC, Ti-8Al-lMo-lV  cracked a f t e r  about  100 
minutes  exposure  to N a C 1 ,  bu t  Ti-SA1-2.5Sn required  about 1000 
minutes ,' i n d i c a t i n g   t h a t  some process  i s  occur r ing   t ha t  must 
con t inue   l onge r   i n   t he  5A1-2.5Sn a l loy   to   cause   equiva len t  damage. 
This   process  is probably  the  absorption  of  hydrogen. 

Ho t - sa l t  and H+-bombarded cracked  specimens  are compared i n  
Figure - 9 .  In   the   as -pol i shed   condi t ion ,   c racks   deeper   than   one  
c rys t a l   a r e   t yp ica l ly   j agged   because   t hey  are i n t e r c r y s t a l l i n e .  
In   the  e tched  condi t ion,   hot-sal t   cracks  are   typical ly   blunt-ended 
as are  cracks  produced by H' bombardment.  Hydride s t r u c t u r e s  were 
n o t   v i s i b l e   i n   e i t h e r   a l l o y  a t  5 O O X .  Occas iona l ly ,   the   g ra in  
s t r u c t u r e  of t he   su r f ace  o f  a specimen was very   c lear ly   def ined  
i n  a po r t ion   o f   t he   s t r e s sed   a r eas   a s   t hough  i t  had  been  cathodi- 
ca l ly   e t ched  or as though  hydrides were j u s t  forming a t  the   g ra in  
boundaries.  The hot -sa l t   c racks   in   F igure  9 were  produced  by 
30 hours  exposure  to NaCl a t  35OoC. 

The f luence   da t a  were   eva lua ted   (as   d i scussed   in   the  Appendix) 
t o   e s t a b l i s h   t h e   s u r f a c e   c o n c e n t r a t i o n s  of hydrogen t h a t   i n i t i a t e d  
c racking   and   the   concent ra t ions   near   the   c rack   t ips   tha t   permi t ted  
the   c racks   to   p ropagate .   Es t imates   a re   g iven   in   Table  I .  

The hydrogen   concent ra t ions   ca lcu la ted   for   c rack   propagat ion  
(concentrat ion a t  crack t i p )   a t  l o 5  l b / i n ?   o u t e r   f i b e r   s t r e s s  
agree  closely  with  published  data.   Gray6  found U O O  ppm H2 by 
vacuum fus ion   ana lyses  o f  specimens  taken  from  t i tanium  alloys 
nea r   ho t - sa l t   c r acks .  The va lue   5 .1  cm3 H2/cm3 T i  r ep resen t s  
100 ppm; 3 . 4  Cm3 Hn/cm3 T i  r ep resen t s  67 ppm. As mentioned i n  
t h e  Appendix, the  calculated  hydrogen  concentrat ions  contain 
several unce r t a in t i e s ,   bu t   a r e   expec ted   t o  be accura te   wi th in  a 
f a c t o r  of 4,  e q u a l   t o  Q200 pprn  maximum for Ti-5A1-2.5Sn. Tiner  
b e l i e v e s   t h i s  is e q u i v a l e n t   t o  1200-2000 pprn i n   t h e   g r a i n  bound- 
a r i e s   f o r  Ti-5A1-2.5Sn. 1 0  
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HOT- SALT 

As Polished 

Ti-5AI-2.5Sn 

CRACKS 

Etched 

1 
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Ti-5AI-2.5Sn 
. .. 

Hf BOMBARDMENT CRACKS 

Ti-5AI-2.5Sn  Ti-5AI-2.5Sn 

As  Polished  Ti-8AI-IMo-IV 

50pm 
- 

FIG. 9 CRACKS PRODUCED I N   T i - A 1  ALLOYS  BY HOT 
SALT AND H+ BOMBARDMENT 

TABLE I 

Hydrogen  Concentrat ion i n   T i t a n i u m   R e q u i r e d  
t o   I n i t i a t e  and  Propagate  Cracks 

Maximum Concentrat ion  Concentrat ion a t  
a t  1 urn. Crack T i D .  

om3 H 2 / c m 3  T i  cm’ H2/cm4.Ti 
Alloy Added Total Added To ta l  - “ 

Ti-5A1-2.5S1-1 1 . 7  5 .2  1.6a 5.1 
Ti-5A1-2.5Sn 0 .3  3 . 8  No Crack 
Ti-8Al-lMo-lV 1.0 3.5 0.9b 3.4 
Ti-8A1-IMo-IV 0 . 2  3 . 7  No Crack 

a. A t  10 urn. 
b .  A t  30 pm. 
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APPARENT  DIFFERENCES I N  EXPERIMENTAL 
RESULTS  AND  SERVICE  APPLICATIONS 

Although  labora tory   s tud ies   cons is ten t ly   ind ica te   tha t  
h o t - s a l t  stress corrosion  cracking  could  be’a   major   problem  in  
t h e   u s e   o f   t h e s e   a l l o y s   i n  a supersonic   a i rplane,   examinat ion 
of  specimens  from f i e l d   s e r v i c e  tests’ ind ica t e s   t ha t   t i t an ium-  
aluminum a l loys   have   no t .c racked .  The proposed mechanism  of 
hydrogen  embrit t lement  can  explain  the  difference  between 
labora tory  and f i e ld   expe r i ence .  

Most laboratory  specimens  are   corroded  in   s ta t ic   or   low-flow 
sys tems  where   the   reac t ion   products   concent ra te   c lose   to   the  metal. 
In   se rv ice ,   espec ia l ly   in   compressor   tu rb ine   b lades  and on a i r  
f o i l s ,   h i g h  a i r  f lows   e f fec t ive ly   d i sperse   cor ros ion   products .  

The corrosion  products  HC1 and H 2 ,  i nvo lved   i n   ho t - sa l t  
cracking  between 250 and 6OO0C, are gases .   In   the  proposed 
mechanism, water mus t   be   ve ry   c lose   t o   t he   me ta l - sa l t   m ix tu re  
when t h e  salt  i s  heated  to   form a hydrogen  halide.   In  service,  
most of  the  hydrogen  halides  formed  wi’l l   be  lost  t o  the  atmos- 
phere  before   they  can  a t tack  the  metal   because  of   the  oxide 
b a r r i e r  and the   h igh  a i r  ve loc i ty .  If t h e  metal i s  a t tacked  by 
the  hydrogen  hal ide,   the   hydrogen  too will be l o s t  and w i l l  not  
embr i t t l e   t he   me ta l ,  i f  i t  i s  not  absorbed  immediately.  This 
t ype   o f   s i t ua t ion  w i l l  l ead   to   longer   incubat ion   t imes .  In  
add i t ion ,   a i rp l ane   f l i gh t s   a r e   o f t en   sho r t e r   t han   c r ack   i ncuba -  
t i o n   t i m e s   e v e n   i n   t h e   l a b o r a t o r y ;   i . e . ,  1000 min f o r  Ti-5A1- 
2.5Sn a t  y i e l d  and 343OC. 

The B al loys  have a much h ighe r   so lub i l i t y   fo r   hydrogen   t han  
those  of  the a o r  a-B types.  Because  hydrogen is  v i t a l   t o   t h e  
cracking  process   the amount  of hydrogen  absorbed by a s t r e s s e d  B 
a l l o y  would  have l i t t l e  e f f e c t  on c r a c k   i n i t i a t i o n ,   w h i l e   t h e  same 
amount of  hydrogen  introduced  into an a o r  a-B alloy  could  cause 
rupture   under   ident ica l   condi t ions .  B a l l o y s   o f t e n   l o s e   d u c t i l i t y  
from attack by ho t - sa l t ,   bu t   c r acks  do no t   a lways   i n i t i a t e ;   t he  
a a l l o y s  on the  other   hand,   usual ly   crack  under   high s ta t ic  
s t r e s s .  4’ 
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APPENDIX -CALCULATION  OF FLUENCE DATA 

The amount of   hydrogen   d i f fus ing   in to   the  metal from  exposure 
t o  H+ bombardment was the  difference  between  the H+ f luence  and 
t h e   f r a c t i o n  of t h e   f l u e n c e   t h a t  was re leased   f rom  the  metal by 
off-gassing.  A r igorous  mathematical   evaluat ion  of   the  absolute  
hydrogen   concent ra t ion   p rof i le   in   the  metal i s  d i f f i c u l t .  The 
main  reasons are: 1)   hydrogen  off-gassing  increases  as t h e  con- 
cen t r a t ion   w i th in   t he  metal inc reases ;  2) the   average   ca lcu la ted  
H+ range i s  va l id   bu t   range  i s  a c t u a l l y  a Gauss i an   d i s t r ibu t ion  
about   that   average;  3) t h e   d i f f u s i v i t y  D depends  on  temperature, 
and the  temperature   decreased  with  specimen'depth,   a l though  the 
temperature  gradient was probably small over   the   depths  (0-30 pm 
maximum) considered. 

The  method u s e d   t o   c a l c u l a t e   t h e   c o n c e n t r a t i o n   p r o f i l e  C was 
based on F i c k ' s  second law, '' with a d i s t r i b u t e d   i n t e r n a l   s o u r c e  
A(x) and   w i th   t he   d i f fus iv i ty  D t r e a t e d  as constant  

The p r o t o n   i n j e c t i o n  was t r e a t e d  as a s t ep   func t ion   sou rce  
of  gas i n   t h e  metal; to   approximate a Gauss i an   d i s t r ibu t ion ,  a 
square wave centered  about  the  average  range was used. 

A (x) 

cm3 H/cm3 

Ao "_" "" 

"""""" v 

Range, cm 
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The source A(x) is  r e l a t e d   t o   t h e   f l u e n c e  ra te  P of  hydrogen 
ions   en te r ing   t he   me ta l  by 

P =l A(x) dx 

The boundary  and i n i t i a l   c o n d i t i o n s   f o r   t h e   s l a b  (specimen) 
were taken as 

Slab 

C(0 , t )  = 0 C(R,t) = 0 

I I 
I I 
L" - - - - - -1 - - --"x 

0 R 

I n p u t   d a t a   t o  a computer  program i n   s o l v i n g   t h e   p r o f i l e  are 
shown below. 

A 1  l oy  : Ti-5A1-2.5Sn Ti-8Al-lMo-lV 
R e s u l t s  : Cracks No Cracks Cracks No Cracks 

P ,  cm3 H /cm2-sec 5 .73  x 1 0 - ~  1.15 x 1 0 - ~  3.58 x 1 0 - ~  7.16 x 1 0 - ~  

t ,  sec 3.60 x l o 3  3.60 X l o 3  2.40 x l o 3  2.40 x l o 3  

D i f fus iv i ty  D was taken as 3 .35  x l o - '  cm2/sec. 

The square wave range (a-tb) was taken as both 0.2 and 1 .0  pm 
en te red  a t  the  average  proton  range.  The thickness   of  a l l  
specimens, R ,  was 0.0889 cm. 

A typical p r o f i l e  i s  shown f o r  a 0 .2  pm square wave source.  
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Depth in Metal, p m  

I n   t h e   r e g i o n   o f   i n t e r e s t   ( 1  and 10 ?m f o r  Ti-5A1-2.5Sn  and 
1 and 30 pm f o r  Ti-8Al-lMo-lV),  concentration  approached  steady- 
s ta te  values  within  15% or less. Concentrations were r e l a t i v e l y  
in sens i t i ve   t o   t he   w id th   o f   t he   squa re  wave (0.2 t o   1 . 0  pm). The 
major   uncertainty i s  probably  the  use  of  a value for D evaluated 
for  the  temperature  measured a t  the  midplane,  although much of   the  
diffusion  occurred a t  the  specimen  surface.   Publ ished  values   for  
Do and Ed were used12 t o   e v a l u a t e   t h e   e q u a t i o n  D = Do exp(-Ed/RT). 
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